BACKGROUND:
Image-guided spinal instrumentation may reduce complications in spinal instrumentation. OBJECTIVE: To assess accuracy, time efficiency, and staff radiation exposure during thoracolumbar screw instrumentation guided by intraoperative computed tomography (iCT)-based neuronavigation (iCT-N). METHODS: In 55 patients treated for idiopathic and degenerative deformities, 826 screws were inserted in the thoracic (T2-T12; n = 243) and lumbosacral (L1-S1; n = 545) spine, as well as ilium (n = 38) guided by iCT-N. Up to 17 segments were instrumented following a single automated registration sequence with the dynamic reference arc (DRA) uniformly attached to L5. Accuracy of iCT-N was assessed by calculating angular deviations between individual navigated tool trajectories and final implant positions. Final screw positions were also graded according to established classification systems. Clinical and radiological outcome was assessed at 12 to 14 months. RESULTS: Additional intraoperative fluoroscopy was unnecessary, eliminating staff radiation exposure. Unisegmental K-wire insertion required 4.6 6 2.9 minutes. Of the thoracic pedicle screws 98.4% were assigned grades I to III according to the Heary classification, with 1.6% grade IV placement. In the lumbar spine, 94.4% of screws were completely contained (Gertzbein classification grade 0), 4.6% displayed minor pedicle breaches ,2 mm (grade 1), and 1% of lumbar screws deviated by .2 to ,4 mm (grade 2). The accuracy of iCT-N progressively deteriorates with increasing distance from the DRA, but allows safe instrumentation of up to 12 segments. CONCLUSION: iCT-N using automated referencing allows for safe, highly accurate multilevel instrumentation of the entire thoracolumbosacral spine and ilium, rendering additional intraoperative imaging dispensable. In addition, automated registration is time-efficient and significantly reduces the need for re-registration in multilevel surgery. www.neurosurgery-online.com C ontemporary pedicle-based spinal instrumentation has led to significant advances in the treatment of complex spinal lesions and severe deformities previously associated with significant risk of implant failure or loss of bony purchase. [1] [2] [3] [4] However, several clinical and cadaveric studies have demonstrated a 10 to 50% rate of pedicle cortex violation during screw insertion in the thoracic spine guided by landmark anatomy or fluoroscopy. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Furthermore, radiation exposure of surgeon and operating room personnel, as well as young patients undergoing extensive instrumentation procedures related to intraoperative fluoroscopy, has raised concerns, especially at centers treating a high volume of complex disorders and deformities, revision cases, or minimally invasive procedures requiring frequent intraoperative radiographic assessment. [18] [19] [20] [21] Specifically, less-invasive spinal instrumentation has been demonstrated to result in distinctly increased surgeon radiation exposures. 22, 23 The potential benefits of spinal image guidance regarding the accuracy of pedicle screw placement in the thoracolumbar spine, as well as reduction of intraoperative radiation exposure, have been outlined by previous investigations. [23] [24] [25] [26] [27] [28] [29] [30] Although firstgeneration fluoroscopy-based navigation technology is of limited value in multisegmental instrumentation and spinal deformity treatment, [31] [32] [33] [34] [35] 3-dimensional (3D) intraoperative imaging techniques have led to significant improvements in accuracy and workflow of spinal image guidance. [36] [37] [38] [39] [40] [41] In contrast to spinal navigation techniques utilizing preoperative computed tomography (CT) data, [42] [43] [44] [45] intraoperative 3D-image acquisition eliminates the drawbacks associated with the positional shift of surgical anatomy related to patient positioning and allows for repetitive intraprocedural imaging and registration updates accounting for surgical manipulation, corrective measures, and spinal implant insertion. [36] [37] [38] [39] [40] [41] Intraoperative CT-based spinal navigation (intraoperative CT-based neuronavigation [iCT-N]) yields superior soft-tissue and bone-imaging quality and multisegmental imaging capability, and it allows for automated multisegmental registration. [46] [47] [48] [49] In contrast to multisegmental image-guided instrumentation based on a single registration using preoperative CT data, [50] [51] [52] the clinical utility of iCT-N has not yet been assessed systematically. This study assesses the accuracy, clinical safety, and time efficiency of iCT-N-guided posterior thoracolumbar and pelvic instrumentation performed without additional intraoperative fluoroscopy.
PATIENTS AND METHODS

Patient Selection
Between July 2008 and April 2010, 55 patients (33 female, 22 male; mean age, 61.8 years; age range, 23-81 years) underwent transpedicular screw instrumentation of the thoracic and lumbosacral spine, as well as posterior iliac screw fixation during corrective surgery for idiopathic and degenerative scoliosis. A total of 826 screws (thoracic, 243; lumbar, 450; sacral, 92; iliac, 38) were inserted in 428 segments either percutaneously (ie, via stab incisions; n = 506/61.5%) or via miniopen approaches (Wiltse paramedian muscle-splitting access; n = 184/22%), whereas the remainder (n = 136/16.5%) were implanted via conventional open midline access using iCT-based image guidance and automated multilevel registration (ie, a single reference frame position was used for the entire instrumentation). Seventeen of the 55 cases (31%) were revision surgeries. Ten individuals received oligosegmental lumbosacral instrumentation (1-3 motion units), whereas the remaining 45 patients underwent complex thoracolumbosacral (TLS) deformity correction. On average, 15 screws were implanted, and 7.8 segments were instrumented in each patient.
Radiographic Assessment
Of 55 patients undergoing iCT-based registration, 51 (93%) received a repeat iCT to assess K-wire position. Patient registration was updated during this repeat scan. A third iCT scan was performed in 47 individuals (85%) for scientific reasons in order to quantitatively assess implant positioning and to document the incidence and extent of cortical breaches or encroachment of vessels and visceral organs (Figure 1 ). These final iCT scans were all performed under apnea ventilation to exclude motion artifacts. Additional postoperative CT examinations were conducted at 12 to 14 months follow-up in 46 of those 47 patients undergoing final postinstrumentation iCT to assess fusion and to compare the quality of iCT and regular perioperative helical CT studies. Both intra-and postoperative helical CT scans were performed on latest-generation multirow (40-slice and 64-slice) detector systems (SOMATOM Definition Dual Source 64-row; SOMATOM Sensation Open Sliding Gantry 40-row; Siemens, Erlangen, Germany; slice thickness, 1.0 mm; kernel, B60s; matrix, 512 3 512). Each individual screw position was graded by an independent physician (H.D.) according to established classification systems for pedicle screw placement in the thoracic 16 and lumbar 15 spine. Quantitative analysis of spinal navigation accuracy was performed by comparing navigation screenshots and corresponding final screw positions. Biplanar views of postoperative CTs were reconstructed exactly according to the (oblique) sagittal and axial plane orientations of the navigated tool (ie, virtual screw trajectory) displayed on the corresponding screenshot. Digimizer digital image analysis software (build 3.7, MedCalc Software, Mariakerke, Belgium) was used to measure the corresponding angulations of virtual and real screw trajectories (ie, medial screw convergence in the axial plane and screw-to-upper-end-plate angle in the sagittal plane).
Statistical Analysis
Variations in screw position grade, as well as angular and planar deviation, were assessed by nonparametric univariate and multivariate analysis of variance adjusting for repeated measures. Nonparametric analysis of variance (Kruskal-Wallis analysis of variance with Dunn post hoc multiple testing) was used to examine the differences between patient groups. Statistical analyses were performed using the xlSTAT 7.01 package (Addinsoft, New York, New York) at the 5% level of significance.
IMAGE-GUIDED SPINAL INSTRUMENTATION Patient Positioning
After routine induction and intubation, patients were positioned prone in a spinal surgery foam cradle placed on a completely radiolucent carbon-fiber composite operating table (Maquet, Gossau, Switzerland). The patient's arms, respirator tubing, and intravenous and arterial lines were secured in armrests alongside the foam cradle, so as not to interfere with the mobile scanner gantry (Figure 2A) . A padded headrest (ProneView, Dupaco, Oceanside, California) was used, and the dynamic reference arc (DRA) attached exclusively to the L5 spinous process in all patients ( Figure 2B ). This specific fixation site was elected to minimize interference with surgical access and instruments during pediculation and to facilitate unobstructed tracking of instruments.
After patient positioning, sterile draping and fixation of the Polyether-ether-ketone-made DRA, an intraoperative helical scan of the spinal region of interest was acquired (SOMATOM Sensation Open Sliding Gantry CT system, Siemens, Erlangen), with automated coregistration of CT scanner and DRA (Spine&Trauma iCT, BrainLab, Feldkirchen, Germany). Because 83.5% of screws were implanted either percutaneously or via miniopen access, patient registration was validated by tracking the surface and divots of the DRA ( Figure 2C ) included within the scanning volume, using the standard navigation pointer tool. Instrumentation was performed only after obtaining a near-perfect registration, ie, submillimeter deviation between virtual and real 3D contours of the DRA.
Reinforced 11-gauge beveled-tip cannulas (Medtronic Sofamor Danek, Memphis, Tennessee) were advanced through the pedicles into the target vertebrae with subsequent insertion of K-wires, starting at the vertebra most distant from the DRA. After confirmation of correct K-wire position by means of a repeat iCT scan ( Figure 3 ) in 51 patients (93%), cannulated pedicle screws (CD-Horizon Longitude, Medtronic Sofamor Danek, Memphis, Tennessee) with an external diameter of 5.5 to 7.5 mm were inserted. Proceeding in this manner aimed to minimize inadvertent movements of the spine observed with use of bulky instruments (such as preconfigured navigated awls) or during actual screw insertion, to allow for a maximum of segments instrumented with a single registration. Interbody (transforaminal lumbar interbody fusion) and/or posterolateral fusion was performed using Polyether-ether-ketone cages, local autologous bone, and bone morphogenic protein (BMP-2; InductOs, Wyeth Pharmaceuticals, Andover, Massachusetts).
Because the upper-and midthoracic spine (T1-T8) moves synchronously with the chest cage during mechanical ventilation, potential image distortion, artifacts, and movement-related registration inaccuracies must be strongly considered in these spinal segments. However, in contrast to these significant motion artifacts regularly observed during CT scanning of the upper-and midthoracic (Th1-Th8) spine, initial observations indicated that continued respirator ventilation causes negligible displacement of the lower thoracic (T9-T12) as well as lumbosacral (L1-S1) spine and pelvis when the patient is securely positioned on a suitable frame. To quantify the influence of continued ventilation on iCT-N, those 45 patients undergoing TLS instrumentation (Th9-S1) with or without iliac extension were divided into 2 groups (A, apnea during iCT scanning and registration/n = 20; B, continued ventilation/n = 25). The incidence of screw misplacement in each group was assessed by postoperative CT. Moreover, the position of the tip of thoracic spinous processes was recorded with the standard navigation pointer during full inspiratory and expiratory hold in 42 patients to quantify ventilation-dependent spinal motion (standard tidal volumes of 100 mL/kg body weight). The average difference in sagittal plane position (height) of individual spinous processes between expiration (baseline) and inspiration was calculated from 3 repetitive recordings obtained at each segment.
RESULTS
Four hundred twenty-eight segments were instrumented with a total of 826 pedicle and iliac screws (T2-T8, 54; T9-T12, 189; L1-L3, 239; L4-S1, 306; iliac, 38) in 55 patients. Not all of the instrumented segments were contiguous, because pedicles (or segments) either too small for instrumentation, dispensable for adequate fixation, or located within osteotomy sites (ie, pedicle subtraction) were excluded from instrumentation in 13 individuals. Thoracolumbosacropelvic fixation was performed in 28 patients, including extension to the posterior ilium (titanium locking screw plate) in 11 of those individuals. Another 27 patients were treated by lumbar (n = 8), lumbosacral (n = 18), or lumbosacropelvic (n = 1) instrumentation for oligosegmental lumbar degenerative scoliosis. Neurovascular or visceral injuries, early or late infections, did not occur in any of our patients. Moreover, anterior vertebral K-wire penetration or soft-tissue injuries related to K-wire misplacement were not observed. An entire iCT-N imaging and registration sequence (including draping) required an average of 14.3 6 4.9 minutes, whereas the mean time required for pediculation and guidewire insertion was 4.6 6 2.9 minutes per segment. Technical failure of iCT imaging, data transfer, or automated registration, prompting conversion to either optional surface-match/point-merge registration or conventional open fluoroscopically guided instrumentation, did not occur. Therefore, all implants were placed exclusively by image guidance without auxiliary fluoroscopic imaging. FIGURE 2. A, patients were positioned prone on a spinal surgery foam cradle. A padded headrest was used for thoracolumbosacropelvic instrumentation. B, as standard operating procedure, the dynamic reference arc was attached to the L5 spinous process for thoracolumbar, sacral, and iliac instrumentations. C, for percutaneous procedures without dissection of anatomic landmarks, the registration was routinely verified by tracking surface, divots, and slots of the dynamic reference arc, as well as navigation fiducials fixed to the skin of the back using the pointer tool.
Clinical Results
In 46 individuals (84%) undergoing postoperative helical CT examinations (1-mm slices) at 12 to 14 months follow-up, solid bony fusion was demonstrated by multiplanar CT reconstructions in 341 of 361 investigated segments (94.4%). Of those, 257 were (lumbar) interbody fusions, with the remaining 104 segments comprising thoracic facet fusions. Forty-six of 55 patients (83.6%) reported either excellent or good outcome at 12 to 14 months, whereas 9 patients rated the operative result as either fair (n = 6/11%) or poor (n = 3/5.4%). Poor results were related to perioperative complications (deep vein thrombosis, pulmonary embolism in 2 patients) and/or significant medical (congestive heart failure) or musculoskeletal comorbidity (morbid obesity, advanced polyarthritis). Two patients required revision with additional pelvic fixation because of lumbosacral pseudarthrosis following long TLS instrumentations. Three patients (5.4%) reported postoperative onset of new or accentuated radicular paresthesia related to TLIF performed at the concavity of lumbar scoliosis. Nine patients required antibiotic treatment for perioperative urinary tract infection. At 12 to 14 months follow-up, the cohort's mean preoperative norm-based physical component scores (mental component scores) (SF-12v2 questionnaire) of 25.8 6 7.1 (42.8 6 7.3) had improved to 42.1 6 6.4 (47.3 6 7.4). A, reconstruction of intraprocedural CT following transpedicular advancement of K-wires demonstrating significant spinal rotation in the frontal plane. B, corresponding view of operative situs (midline skin incision with epifascial soft tissue dissection, transmuscular K-wire insertion) during image-guided pediculation using a navigated Jamshidi cannula. C, K-wires are gathered and secured in gauze slings before draping and iCT imaging. D-H, intraoperative assessment of K-wire position on axial iCT reconstructions prior to screw insertion. The entire instrumentation was completed using a single multilevel registration, with the dynamic reference arc attached to the L5 spinous process. iCT, intraoperative CT.
iCT-NAVIGATION IN THORACOLUMBAR TRANSPEDICULAR INSTRUMENTATION
Accuracy of Image Guidance
K-wire position was assessed intraoperatively by repeat iCT before insertion of 768 screws in 51 of 55 patients (93%), including all 243 thoracic and 239 upper lumbar (L1-L3) screws. Nineteen K-wires (2.5%) were identified by iCT as misplacement (ie, suboptimal placement causing violation of the bony confines of either pedicle or vertebral body), prompting update of registration and K-wire replacement before commencing with screw insertion in 11 patients. Therefore, the primary intraoperative revision rate was 2.5%. However, 14 of these 19 revised K-wires displayed only minor lateral breaches ,2 mm unlikely to result in clinical compromise (and therefore, secondary revision) if the screws had been placed. In the remaining 5 K-wires (0.6%), medial or inferior breaches potentially leading to clinically symptomatic screw misplacement were noted. None of the screws implanted in this series required secondary revision (ie, screw replacement was not necessary in any patient). In the vast majority of implants (808 of 826 screws; 98%), postinstrumentation CT revealed only minimal (#2°) angular deviation of final screw positions from the virtual trajectory defined by the pediculation tool position on the corresponding multiplanar inline screenshots (Figure 4 ). Sixteen screws deviated by 3 mm, and 2 screws deviated by 4 mm. One hundred thirteen of 243 thoracic pedicle screws (46.5%) were placed entirely within the pedicle (grade I according to the Heary classification system). 16 Another 122 screws (50%) were inserted via the pedicle-rib complex (extrapedicular technique). This extrapedicular technique enables the surgeon to insert larger and longer screws (up to 60 mm in the thoracic spine) with tricortical purchase, 30, [53] [54] [55] [56] yet formally results in a Heary grade II screw position per classification. 16 Four screws (1.6%) penetrated the anterior or lateral vertebral cortex (Heary grade III). However, anterior bicortical purchase (ie, intentional Heary grade III) was obtained intentionally in 3 of these screws. None of the 5 grade III screws threatened major prevertebral vessels or viscera. Violation of the medial or inferior pedicle cortex (,3 mm, without injury or compression of spinal cord or nerve roots, corresponding to Heary grade IV) was demonstrated in another 4 screws (1.6%). Minimal medial breaches (by the width of a screw thread) were demonstrated in 2 screws. In 2 of 4 grade IV screws, regular transpedicular screw insertion had been attempted in narrow mid-thoracic pedicles (T4-7). Injury to spinal cord, nerve roots, vessels, or viscera (ie, Heary grade V) was not observed.
Of a total of 542 pedicle screws inserted in the lumbar spine and sacrum, 512 screws (94.4%) were completely confined within pedicles and vertebral bodies, according to grade 0 of the classification system devised by Gertzbein et al. 15 Another 25 screws (4.6%) displayed a minor violation of the pedicle cortex by ,2 mm (ie, grade 1), such that 99% of screws were satisfactory. Five screws (1%) inserted through very small upper lumbar (L1-L3) or severely dysplastic/sclerotic pedicles located within the concavity of degenerative deformities displayed axial angular deviations of 3 to 4° (Figure 4 ) with corresponding pedicle breaches .2 to ,4 mm (Gertzbein grade 2). Three of those screws deviated laterally. An inverse relationship between pedicle width and the incidence of pedicle breaches was demonstrated by logistic regression analysis. All of the 38 screws placed in the posterior ilium were confirmed to be satisfactory with deviations #2°by postoperative CT scans.
Impact of Increasing Distance From Reference Clamp on Navigation Accuracy
Instrumentation was performed with a single registration sequence in all 55 patients. Up to 15 vertebrae and the ilium were instrumented by the use of a single registration sequence and a standard DRA position (L5). A gradual rise in screw misplacement rate was demonstrated with increasing distance between instrumented segment and DRA (.11 segments) by logistic regression analysis ( Figure 5 ), indicating that a registration update using a second (more proximal) DRA position is advisable in long instrumentations spanning more than 11 vertebrae.
Impact of Ventilatory Arrest During Registration on Navigation Accuracy
Postoperative CT studies conducted in 46 of 47 patients undergoing initial postinstrumentation iCT could (a) rule out motion-related artifacts in iCT data obtained under ventilator arrest and (b) confirm diagnostic equivalence of intraoperative and perioperative CT imaging regarding screw positioning as well as assessment of spinal canal contents and paravertebral soft tissue (eg, vessels, lung parenchyma). Nonparametric analysis of variance did not reveal significant differences in both frequency and degree of pedicle cortical breaches in patients undergoing TLS instrumentation (T9-S1/ilium) either with (group A) or without (group B) ventilatory arrest during registration and iCT ( Figure 6 ). The average ventilation-dependent displacement of thoracic spinous processes during the inspiratory phase of mechanical ventilation (referenced to ''baseline'' expiratory position; Figure 7 ) was most pronounced in the mid-thoracic spine (T4-T8).
DISCUSSION
This is the first detailed report on the clinical accuracy and reliability of iCT-based spinal image guidance analyzing the outcome of image-guided complex multisegmental instrumentation of the TLS spine and ilium by the use of iCT-N in conjunction with a single automated referencing procedure. Spinal instrumentation relied exclusively on iCT-N, without supplemental intraoperative fluoroscopy.
iCT Spinal Image Guidance Technique
Intraoperative image acquisition avoids the problems associated with vertebral translation due to the different patient positioning during planning CT (supine) and surgery (prone). The iCT-based referencing system requires scanner recalibration at regular intervals, and each time the gantry cover has been removed (ie, during gantry cover removal during servicing). Improper calibration will result in an incorrect scanner-patient coregistration that may be difficult to recognize and cannot be corrected during surgery. Our results indicate that inadvertent displacement of the vertebral column during pediculation is minor if the patient is adequately immobilized and suitable instruments are used to minimize spinal motion. Furthermore, ventilatory arrest during scan acquisition and registration of the lower thoracic and lumbosacral spine does not appear to be warranted. Acquisition of a lower TLS data set (eg, T9-sacropelvis) with our 40-row scanner required ,30 seconds and therefore included 3 to 5 ventilation cycles. The impact of ventilation on chest cage and spinal motion depends on several factors, such as tidal volume, chest cage volume, configuration and rigidity, as well as positioning of the patient. If feasible, the automated registration sequence should be performed in a standardized fashion, with the DRA fixed to a vertebra minimally affected by respiration-related movements (eg, the L5 spinous process). Ventilatory arrest is critically important when the DRA is attached to a mid-thoracic segment in order to avoid significant motion-related inaccuracy.
In the presence of significant spinal instability (ie, significant movement of vertebral elements during pediculation such as encountered in acute severe traumatic osteoligamentous injuries and fracture dislocations), fluoroscopic verification of image Respiration-synchronous displacement in the z-axis is significant in mid-thoracic vertebrae (T4-T7), whereas the low thoracic vertebrae (T9-T12) are significantly less affected ( P , 0.05).
guidance at regular intervals throughout the procedure is mandatory. This precaution is unwarranted in the treatment of degenerative disorders or deformity. With conventional open midline dissection of the spine, iCT acquisition and registration should be performed after completing the approach to avoid significant volume shift with subsequent loss of registration accuracy. In contrast, percutaneous instrumentation may commence immediately after patient registration without prior anatomic landmark dissection. The automated referencing sequence requires a few seconds only, and is performed immediately before iCT. With contemporary multidetector CT systems, imaging of the whole spine requires ,1 minute. Data transmission to the navigation system and validation of registration are completed within 3 minutes, thus allowing surgery to resume within less than 10 minutes. A referencing update using an additional proximal DRA position may be useful to maintain sufficient accuracy during extensive procedures spanning .10 segments. Potential advantages of standardized reference arc fixation sites are (a) improved time efficiency resulting from one single instead of repeated (segmental) referencing steps, and (b) minimal interference with surgical instruments and the infrared camera's field of view during instrumentation.
Accuracy of iCT-Based Spinal Instrumentation
Pedicle screw misplacement rates in the thoracolumbar spine ranging between 5% and 30% have been reported for anatomic and fluoroscopically guided screw insertion techniques. 6, 8, 10, [15] [16] [17] 26, 31, 32, 43, 55, [57] [58] [59] [60] [61] [62] [63] Although direct visualization or palpation of the medial pedicle wall has been demonstrated to reduce the incidence of medial pedicle perforation, 5, 62 this technique is less useful in less-invasive procedures without the formal necessity of decompression. The major drawback of utilizing laminoforaminotomies to guide pedicle screw placement is the additional operative time required, especially in multisegmental procedures. Spinal image guidance has been demonstrated to facilitate screw insertion in the TLS spine, sacrum, and pelvis. 5, 9, 25, 26, 29, 30, [33] [34] [35] [36] [37] [38] [39] [40] [41] [46] [47] [48] [49] [50] [51] [52] [62] [63] [64] [65] [66] Several independent studies have demonstrated that the rate of significant pedicle breaches is reduced to ,5% with contemporary 3D-image guidance. [36] [37] [38] [39] [40] [41] [42] 46, 49, 63 However, the quality of neuronavigation is critically dependent on imaging modality. Even the most recent 2D fluoro-based spinal navigation yields unacceptable misplacement rates of .20%.
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Recent advances in intraoperative imaging technology allow for seamless integration of intraoperatively acquired high-resolution 3D data for spinal image guidance. [45] [46] [47] [49] [50] [51] [52] 64 Use of intraoperative instead of preoperative 3D data avoids inaccuracies related to the positional change between imaging and surgical intervention. [36] [37] [38] [39] [40] [41] [46] [47] [48] [49] Moreover, automated registration of intraoperative 3D-imaging data avoids the specific problems associated with surface-matching technique. 45, [46] [47] [48] [49] 51, 52, 64 Three-dimensional intraoperative imaging has been shown to (a) enhance image quality, (b) facilitate surgical workflow, (c) reduce the rate of technical problems compromising the utility of image guidance in routine use, and (d) decrease the incidence of secondary screw revisions. 36, 36, 41, 46, 49 Moreover, there is fairly widespread agreement that standardized postoperative CT evaluation of screw position following spinal instrumentation is an integral constituent of surgical quality control. 11, [67] [68] [69] Novel technologies or methods warrant particular scrutiny and benchmarking before conclusions may be drawn regarding their clinical utility. TLS pedicle and iliac screw placement in this study was highly accurate, with an overall significant screw misplacement rate in the thoracolumbar spine below 1%. Various studies on spinal image guidance have reported clinically acceptable incidences of significant pedicle breaches, similar to those obtained with iCT-N in this investigation. 28, 30, 36, 37, 40, 41, 49, 51, 52 However, individual registrations of each instrumented vertebra (ie, singlelevel registration) were obtained in most of these studies, and some multilevel registrations displayed increasing inaccuracy beyond 4 to 5 vertebrae distal from the DRA fixation site. 30, 35, 42, 43, 52, 64 To the best of our knowledge, no clinical results have been issued for instrumentations of .10 segments following a single multilevel registration.
The imaging modality used for spinal navigation is of critical importance. Although fluoroscopy-based multisegmental image guidance in the thoracic spine has been demonstrated to lack sufficient accuracy, 43 low screw misplacement rates of #1.5% have been reported for CT-based multilevel registration. 46, 47 In addition, 2D-fluoroscopy-based multilevel registration is not useful in patients with significant rotational deformity. As a general rule, the accuracy of image guidance declines proportionally to the distance from the registered vertebra. 46, 51, 64 In this study, iCT-N with a single multilevel registration was demonstrated to be feasible and safe for image-guided instrumentation of at least 10 segments.
Workflow and Radiation Exposure
Although clear-cut clinical advantages of intraoperative 3D imaging and spinal image guidance in terms of outcome modification may not be validated yet, 70, 71 the benefits resulting from elimination of secondary revisions due to screw misplacement, as well as reduction of staff radiation exposure, are obvious. 5, 11, 12, 13, [20] [21] [22] 25, 26, 27, 36, 41, 43, 46, 51, 63, 72 In addition to guiding screw placement, iCT is an ideal imaging modality for computerassisted spinal deformity correction. Whole spine images including shoulders, pelvis, and femora can easily be obtained through biplanar scout views, providing the surgeon with a comprehensive overview on global spinal balance and deformity reduction during surgery 46 . Even complex surgical interventions may be performed with significantly reduced or even absent radiation exposure to surgeons and staff, [46] [47] [48] [49] 73 whereas patient doses due to iCT can be further reduced by implementing lowdose helical CT techniques. 74 
CONCLUSION
To the best of our knowledge, this is the first detailed report on the accuracy and clinical utility of iCT-based spinal image guidance. More than 800 thoracolumbosacropelvic fixation screws inserted with iCT-N were assessed by multiplanar analysis of postoperative thin-slice CT. Automated registration allows for safe instrumentation of up to 10 contiguous segments following a single multilevel registration, resulting in a minimal incidence of hardware misplacement and complete or near-complete elimination of staff radiation exposure, unless significant spinal instability mandates additional intraoperative fluoroscopy. Comprehensive intraoperative assessment of corrective measures and global spinal alignment by obtaining biplanar CT scout views incorporating the whole spine, shoulder girdle, pelvis, and femora is a very useful feature for deformity surgery. This technology also holds significant promise for complex spinal and pelvic tumor surgery, as well as computer-assisted surgical strategies integrating individual anatomy, biomechanics, and implant configurations. Despite its significant potential to render spinal instrumentation a safer and more reproducible procedure, the authors emphasize that refined spinal image guidance technique does not replace surgical experience and careful preoperative planning in avoidance of potential pitfalls.
Disclosures
Dr Scheufler is a consultant for BrainLAB, Inc. The authors have no personal financial or institutional interest in any of the drugs, materials, or devices described in this article.
COMMENT
T his is an excellent article that reviews the placement of thoracic, lumbar, sacral, and pelvic bone screws using intraoperative computed tomography-based guidance and a single reference arc attached to L5. The ultimate clinical use accuracy of this system when combined with a rigorous and systematic surgical approach was excellent with few screws deemed to have been poorly placed. The authors noted that the system, used as described, allowed adequate placement of screws at many segments away from the reference arc. Changes with ventilation also did not seem to cause screw trajectory inaccuracies. This is one of a number of papers that demonstrate how far the image-guidance field has progressed over the past 20 years.
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